A particular version of the Westgard-Barry-Hunt--Groth (Westgard) multi-rule quality-control system is studied by Monte Carlo simulation. The principal focus is on the amount of distortion in the working power curve caused by skewness in the distribution of analyte measurements. The effect of using only the first two rejection modes of the Westgard system is also studied.
Four Monte Carlo simulation studies were designed and carried out to satisfr the following objectives:
Objective 1: To outline random-error and systematicerror power curves for the Westgard system under conditions of(a) gaussian distribution of measurements and (b) a measurement distribution having a moment-measure of skewness of approximately -1.44 to represent the "worst case" skewness shown by the CAP data.
Objectiue 2: To determine the amounts contributed to the power-curve points in Objective 1 by each of the five rejection modes of the Westgard system.
Monte Carlo Study Design
In each of the four simulation studies, the required number of within-run measurements on each of the two control materials were, in effect, randomly drawn from a normalized (mean = 0, ±1 standard deviation) distribution. These values were then modified to reflect the desired levels of systematic and random error. The first two studies utilized the symmetric gaussian distribution; the other two studies utilized the chi-square distribution having four degrees of freedom and, therefore, a ,' moment-measure variable in Figure 2 were to be replaced by its negative, the resulting distribution would have the same mean and standard deviation, i.e., (0, 1), but would have a momentmeasure of skewness equalto -1 x \/2, i.e., approximately -1.41. That is, the resulting distribution would be the negatively skewed mirror image of the skewed distribution shown in Figure 2 . In this study, the skewed population sampled was a positively skewed distribution, as in Figure  2 . However, the negatively skewed distribution could just as well have been used because (a) the two random-error power curves are identical and, (b) so long as both positive and negative values of the systematic error constants are included, the two systematic-error power curves are mirror images of each other. Consequently, the effect of a specified level of positive skewness is equivalent to the effect of the same level of negative skewness.
The samples were generated by using APL (5) on TSO on an IBM 3081 mainframe computer and a WYSE 386 personal computer. Pairs of independent uniform pseudorandom numbers (ul and u2) were transformed to independent normalized (0, 1) gaussian random numbers via the Box-Muller transformation (6) . Independent normalized (0, 1) chi-square-4 random numbers were obtained from pairs of independent uniform random numbers (ul and u2) via the transformation y = (wl + w2 -4)1 V's, where wi = -2 x log (ul) and w2 = -2 x log (u2); each has the chi-square-2 probability distribution, and x = wi + w2 is distributed as a chi-square-4 variable (7). The sampling means and standard deviations used as control limits for the Westgard system were computed by using randomly drawn data that follow the appropriate normalized measurement distribution shown in Figure 2 .
Both of these measurement distributions have values of(0, 1) for the mean and standard deviation, respectively.
The mean indicates the level of constant systematic error, and the standard deviation governs the general level of random error. At the normalized (0, 1) levels of systematic and random error, the process underlying the entire system of measurements is considered to be "in control" at acceptable and maintainable levels of error. The purpose of a quality-control system is to "sound an alarm" by "rejecting" the entire run if and when either (a) the normalized systematic-error parameter (SEP), i.e., the normalized mean, changes from zero or (b) the normalized random-error parameter (REP), i.e., the normalized standard deviation, increases from unity. The performance capability of such a quality-control system is measured by the likelihood (usually called "power") that results for samples support rejection of a run for which the measurement distribution SEP has changed from zero and (or) the REP has increased from one. In the present study, this likelihood, or power, was assessed by simulation in which, in turn, one of two quality-control systems was paired with one of the two different measurement distributions shown in Figure 2 . This pairing gave the four different combinations addressed in this study.
Throughout the text the four "quality-control systemmeasurement distribution" combinations are identified by the following three-character symbols: WiG, W1C, W2G, and W2C. The letter W represents the Westgard system, 1 and 2 represent the number of measurements on each of the two control materials per run, and G and C represent gaussian (symmetric) and chi-square-4
(1.41-skewed) measurement distributions.
The symbols W2G and W2C identify modified Westgard systems devised for this study. Here the two measurements per run were averaged for each of the two control materials, and the resulting means were used as single measurements in the regular Westgard system. I did this to study the possible effect of increased sample size on the performance of the Westgard system.
For each of the four combinations, the power of that particular quality-control system was assessed at the 13 different sets of (SE?, REP) values shown in the tables. The relative frequencies observed estimate points from the power curve for that "quality-control system-measurement distribution"
combination. I present the relative frequencies and their ratios in tabular form rather than as approximating curves for two reasons. First, with tabulated actual results, analyses can be based on exact values rather than graphical-visual approximations. Second, I had no procedure to select approximating curves that would ensure acceptably high visual accuracy, particularly at error levels not included in the study.
In 
Results and Discussion

Objective 1
The first two columns of Table 1 show the 13 selected sets of normalized mean (SEP) and normalized standard deviation (REP) of the measurements used in this study to outline the related power curves. In the simulation, each randomly selected normalized measurement "1' (whether sampling was from the symmetric gaussian distribution or from the 1.41-skewed distribution) was transformed toy = SEP + (REP x z). The 13 (SE?, REP) pairs were applied in turn to each randomly selected value of z. In this manner, the points on each power-curve outline have a certain induced degree of commonality.
With SEP = 0 and REP = 1, the result shown in the WiG column of Table 1 is 9.3 runs rejected per 1000 runs. This is the "false alarm" rate of the Westgard n = 1 system for a gaussian analyte measurement distribution, because the two measurement-error parameters for both control materials reflect a state of control. The remainder of the WiG column shows the power of the Westgard n = 1 system for the gaussian distribution of measurements.
Similarly, the W1C column shows the performance for the 1.41-skewed measurement distribution.
The four columns of means in Table 1 were used to compute the columns of ratios shown in Table 2 loss of power of the Westgard n = 1 system in detecting increases in the random error, i.e., 1 <REP, in the absence of systematic error or bias. When REP is increased to 2 and no systematic error is present, the Westgard n = 1 system is only 71% as likely to signal that a change in the analyte measurement distribution has occurred when the skewness is present as it is when the skewness is absent. The systematic-error power curve of the Westgard n = 1 system is also distorted by the skewness. With the random error in the control state, i.e., 1 = REP, and with SEP = -0.5, the Westgard n = 1 system is only 69% as likely to signal a change in the analyte measurement distribution when the skewness is present as it is when the skewness is absent. On the other hand, the same power-curve distortion caused by the skewness leads to increased sensitivity of the Westgard n = 1 system for lower levels of positive systematic error. This increase in power is seen to culminate at the (0, 1) point, where the analyte measurement distribution is in the control state. But this is where the lowest level of sensitivity is desired because at this point a signal of change is a false alarm. The ratio 3.44 shows that this 1.41 skewness increases false alarms of the Westgard n = 1 system by 244%.
Note that the overall pattern of ratios for 1 = REP in Table 2 would be exactly reversed around 0 = SEP if the skewness of the analyte measurement distribution were changed from 1.41 to -1.41.
As previously described, duplicate measurements were also used in the Westgard system. Means of the two measurements offered a simple way to study the performance of the Westgard system for an increased sample size.
The random-error power-curve outline for W2G turned out to be practically identical to that for WiG, as expected. This equivalence is shown by the W2G/W1G ratios in Table  2 . Thus with the gaussian distribution the random-error power curve for the Westgard system is the same when a single measurement is used as it is when the mean of any greater number of measurements is used. In the presence of the 1.41-skewness, however, the W2C and W1C randomerror power curves are not the same. This can be seen in the W2C/W1C column, which shows that use of the mean of two measurements increases the sensitivity of the Westgard system to changes in random error by as much as 17%.
The systematic-error power-curve outline for W2G showed improvement over that for WiG, as shown in Table  2 , where sensitivity is improved by as much as 158% when there is a gaussian distribution of measurements (W2G/ Furthermore, the false-alarm rate is reduced by 25%, as shown by W2C/W1C = 0.75. In summary, the effect of the skewness on the performance of the Westgard system is somewhat dampened when the mean of two measurements is used in place of a single measurement.
Objective Two
The five rejection modes of the Westgard quality-control system are labeled 13s, 22s, R4s, 41s, and 101. Commonly, only the first two rejection modes are used. The effects of this practice are shown in Tables 3 and 4. Table 3 shows the percentage of all rejections contributed by each mode. Table 4 shows these contributions cumulated for modes (13s + 22s) and (Ms + 41s + 101), respectively. Table 4 shows that ignoring the last three rejection At these levels of change in REP, the last three rejection modes account for up to 12% of the power of the Westgard n = 1 system. The picture is substantially different for the shown levels of change in SE?; there, the last three rejection modes account for up to 73.5% of the power of the Westgard system, depending upon the particular amount of systematic error and whether the 1.41-skewness is absent or present in the measurement distribution.
The minimally acceptable power curve for any clinical application certainly depends upon the associated level of criticality. In the absence of reasons for either more or less stringent requirements, it seems reasonable to require at least a 50% likelihood of detection whenever either the standard deviation of the measurement distribution doubles or the systematic error changes by an amount equal to the in-control standard deviation, and at least an 80% likelihood whenever either the standard deviation triples or the systematic error changes by an amount equal to twice the in-control standard deviation. The Westgard system as presently configured falls short of these criteria by as much as 41% and 75% for the gaussian distribution of measurements.
Use of only the first two rejection modes reduces the power even further.
